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Abstract
Clinical rating scales play a major role in assessing progressive neurological diseases.
Neurologists use these rating scales to provide a better diagnosis, to provide a better treatment
plan, and to analyze the outcome of clinical trials. Friedreich’s ataxia (FA) is a neurodegenerative
disease that causes ataxia in limbs, speech impairment, and polyneuropathy. Since FA is a
progressive disease, various rating scales have been standardized to provide an objective
assessment of the patient’s current condition. The Friedreich Ataxia Rating Scale (FARS) includes
several tests to capture neurological features of FA and to assess the functional stage of ataxia. The
rubrics used to grade these tests are highly subjective, and thus prone to human error. This thesis
focuses on three devices designed to quantify three tests (heel to shin tap, 25-ft walk test, and
vibratory sense) mentioned in the FARS rating scale.
This thesis focuses on quantifying the help to shin tap, 25 ft walk test, and the vibratory
sense test outlined in the FARS rating scale. These devices were engineered to accurately perform
these tests using the current exam procedures. Along with each device, each test was manually
graded by the evaluator to estimate the human error introduced while testing.
The heel to shin tap device was found to be very precise while conducting the tests on
healthy individuals in this study (average absolute error = 0). However, an average absolute error
of 0.4118 (successful taps) was estimated in the trials conducted on ataxia patients. This error was
either a result of undershoot/overshoot in the number of successful taps reported by the device.
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Since the device did not report any error while testing healthy individuals, it was concluded that
the sensor used in this device was not accurate enough to quantify the taps.
The 25 ft walk test device showed promising results in the tests conducted on all the
subjects. The average absolute error in timing the FARS test using this device was estimated to be
0.45 seconds. In addition to that, the data obtained from this device was used to extract gait velocity
to provide a more objective assessment of the test. The results of this study showed that gait
velocity might be a key parameter in grading this walk test.
The vibratory sense device was found to be inaccurate for most of the tests conducted using
this device. This might have been a result of the noise introduced while capturing the data. This
issue was fixed by adding an analog filter to the circuit for noise removal during the later stages
of testing. The results of the tests conducted after this fix shows that the data obtained from this
device can be used to quantify the vibrations in the tuning fork in terms of amplitude of the
vibration. However, since only a few tests were conducted after calibrating this device, more
testing is required to evaluate its performance.

vii

Chapter 1: Introduction
This thesis discusses the engineered devices used to quantify three tests (heel to shin tap,
25-ft timed walk test, and vibratory sense) mentioned in Friedreich’s Ataxia Rating Scale (FARS),
a rating scale developed to assess the progression of ataxia. The goal of this research is to
accurately perform this test and extract useful parameters from this test to provide a more objective
assessment of the disease. In the past, Chelsea Davis, a University of South Florida graduate
alumni designed devices to quantify four tests mentioned in the FARS with the assistance from
Dr. Kyle Reed and Dr. Theresa Zesiewicz, the director of USF Ataxia Research Center. She tested
these devices on healthy individuals to prove that removal of human error would improve the
reliability and validity of the rating scale. Of these four devices, the devices designed to quantify
the heel to shin tap and walk test were found to be highly reliable.
In this thesis, the heel to shin tap and walk test devices, previously engineered at the REED
lab, were chosen to evaluate their performance in clinical testing. The walk test device was
modified by replacing the obstacle detection sensor by a polarized-retroreflective sensor, whereas,
no changes were made to the heel to shin tap device. In addition to these two devices, a new device
was designed and programmed to quantify the vibratory sense portion of the FARS examination.
Chapter 2 provides background information on ataxia, different types of ataxia, causes and
symptoms of Friedreich’s Ataxia, and different rating scales used to evaluate the progression of
Friedreich’s Ataxia. This chapter focuses on Friedreich’s ataxia, the most common type of
hereditary ataxia, and three clinical rating scales (FARS, SARA, and ICARS) used to assess the
current condition of an FA patient.
1

Chapters 3, 4, and 5 introduce and explain the significance of three FARS tests: heel to
shin tap test, the timed 25 ft walk test, and the vibratory sense test, respectively. They also provide
background information on any pre-existing devices used to quantify the tests and their limitations.
The design of the device used in this study, experimental setup, test results, and limitations are
further discussed in these chapters.
Chapter 6 summarizes the test results of all the devices used to perform the FARS
examination. The data used to evaluate the heel to shin tap and 25 ft walk test is summarized in
the Appendices section of this paper. Appendix A includes the data for heel to shin tap, whereas,
the data used to analyze the 25 ft walk test is tabulated in Appendix B.
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Chapter 2: Background
Ataxia is the term used to describe symptoms and signs resulting from cerebellar
dysfunction, manifesting with a combination of gait instability, limb incoordination, slurred
speech, and nystagmus [1]. It is caused by damage to the cerebellum or damage to the spinal cord
and other nerves that connect the cerebellum to the muscles. The exact number of ataxias are
unknown, but it is estimated that there are at least 50 (and possibly up to 100) different ataxias.
Ataxias can be classified based on the age of onset, tempo of onset, cause of ataxia, or areas
affected.
2.1 Types of Ataxia Based on the Cause of Ataxia
Ataxia can be acquired, inherited, or sporadic (lacking a definite genetic defect or acquired
etiology) [2]. The treatment for ataxia depends on the type of ataxia. Some ataxias can be treated
by treating its underlying cause, whereas in some ataxias the doctor might suggest therapy to
manage the symptoms. The different types of ataxia based on the cause of ataxia are explained
below.
2.1.1 Acquired Ataxias
Acquired ataxias result from an injury to the spinal cord or the brain. They represent a
heterogeneous group of disorders including autoimmune (paraneoplastic and non-paraneoplastic),
toxic, infectious, and vitamin deficiency causes [3]. Acquired ataxias appear in people who have
no known family history but have contracted the disease due to something that happened to them.
The most common causes of acquired ataxias include brain tumors, head trauma, cancer, or vitamin
deficiencies. However, in some cases alcohol/drug abuse or exposure to poison have caused ataxia.
3

Acquired ataxias vary widely in symptoms depending on the cause/severity of the injury, so
specific symptoms are hard to generalize. Thus, certain laboratory tests are required to diagnose
the type of disorder that causes acquired ataxia.
2.1.2 Hereditary Ataxias
Hereditary or genetic ataxias are a group of disorders caused due to a faulty inherited gene.
The genetic forms of ataxia are diagnosed by family history, physical examination, neuroimaging,
and molecular gene testing [4]. The hereditary ataxias can be further classified into the following
categories based on the mode of inheritance: autosomal dominant, autosomal recessive, X-linked,
and mitochondrial. Of these categories, autosomal dominant and autosomal recessive are the most
common types of hereditary ataxias.
Autosomal dominant cerebellar ataxias (ADCA) are usually inherited in the family in
which male and female individuals in multiple generations are affected. Only one abnormal/faulty
gene is necessary for dominant genetic disorders. This abnormal gene can be inherited from either
parent, or it can be a result of a new mutation. For each pregnancy, there is a 50% chance that a
parent may pass an abnormal gene to the resulting child. SCA3 (a type of spinocerebellar ataxia
(SCA)) is the most common type of autosomal dominant ataxia. No specific treatments can
prevent, delay, or reverse the major clinical features of the dominant SCAs [4]. However, some
symptoms such as seizures can be treated, and certain rehabilitative measures have been found
helpful.
Autosomal recessive cerebellar ataxias (ARCAs) affect a single generation in the family.
The disorders are a result of recessive inheritance in which a child inherits two abnormal genes
(one from each parent). A carrier, whose health is not affected, has one normal gene (dominant
gene) and one abnormal gene (recessive gene). Thus, two carriers have a 25% chance of having
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an unaffected child (with normal genes), a 50% chance of having an unaffected child who also is
carrier, and a 25% chance of having a child with two recessive genes. The most common autosomal
recessive ataxia in Caucasian countries is Friedreich ataxia, which accounts for 30-40% of patients
with ARCA [5].
2.1.3 Idiopathic Sporadic Cerebellar Ataxias (ISCA)
The remaining ataxias of unknown causes are classified as Idiopathic Sporadic Cerebellar
Ataxias (ISCA). They can be further categorized as early onset and late onset idiopathic cerebellar
ataxias depending on the age of onset of ataxia.
2.2 Friedreich’s Ataxia
Friedreich’s ataxia (FA or FRDA), an autosomal recessive disorder, is the most common
type of hereditary ataxia in the United States. It is a degenerative disease caused by a mutation in
the FXN gene. The FXN genes provides instructions for making a protein called frataxin. While
frataxin's specific function remains a point of controversy, the consensus is that frataxin assists in
controlling cellular iron homeostasis by directly binding iron [6]. Approximately 96% of FRDA
patients have extensive trinucleotide repeat expansions in the first intron of the FXN gene. The
age and intensity of the onset depend upon these trinucleotides repeat expansions. The longer the
repeat, the more profound the frataxin deficiency, the earlier the onset of disorder, and the greater
the intensity of the disease [6].
In most cases of Friedreich ataxia, the average age of symptom onset is somewhere
between early to mid-teens with gait ataxia being the first symptom. People with this disease
develop impaired muscle coordination that worsens over time. The affected individuals typically
require the use of wheelchair about 10 years after the onset. About 25 percent of patients with
Friedreich’s Ataxia show symptoms after the age of 25. If the symptoms appear between the ages
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26 and 39, it is called late-onset Friedreich ataxia (LOFA), and very late-onset Friedreich ataxia
(VLOFA) if the symptoms appear after the age of 40. Usually the rate of progression of the disorder
is slower in the people with LOFA and VLOFA.
Due to the health complications of Friedrich’s disease, the life expectancy is about 40-50
years, but with continuing research it is expected to increase. There is no known cure for ataxia,
but the symptoms can be controlled by proper medication and/or speech/language therapy,
physiotherapy, or occupational therapy. Because clinical trials require valid methods to quantify
how patients change over time, attention has focused on the development of effective disease rating
scales [7]. The score obtained from these rating scales helps to evaluate the progression of the
disease and therefore detect small beneficial effects of potential treatments in trials. Two scales
are commonly used to score the neurologic status of FRDA patients, the International Cooperative
Ataxia Rating Scale (ICARS), and the Friedreich Ataxia Rating Scale (FARS) [8]. Sometimes,
the Scale for Assessment of Rating of Ataxia (SARA) is also known to be used to assess the
neurological status of FRDA patients. A brief introduction of all the three rating scales are given
below.
2.2.1 International Cooperative Ataxia Rating Scale (ICARS)
The International Cooperative Ataxia Rating Scale (ICARS) is a neurologist-completed
rating scale developed to assess the symptoms of ataxia [9]. It is a semiquantitative 100-point
ataxia scale consisting of 19 items. These 19 items can be divided into four clinically sensible
subscales: posture and gait disturbances (PG) (7 items, score: 0-34), kinetic functions (KF) (7
items, score: 0-52), speech disorders (SD) (2 items, score: 0-8), oculomotor disorders (OD) (3
items, score: 0-6) [9]. The scores from all 19 items are added to produce a total score that ranges
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between 0 and 100. The higher the total score, the worse the ataxia. A measurement model of the
ICARS is shown in the Figure below.

Figure 2.1: Measurement model of the International Cooperative Ataxia Rating Scale
This rating scale assumes that the above mentioned four subscales are the best method of
grouping the 19 items. It also assumes that the items in each group can be summed without
weighing or standardizing to produce the subscale scores which are further summed to produce a
total score. In a study of the fundamental psychometric measurement properties of the ICARS, 77
patients with FRDA were recruited and assessed using the ICARS [9]. The result of the studied
showed that the total ICARS score effectively satisfied all the psychometric criteria tested for
reliability and validity. However, only the PG subscale seemed to perform well, and the rest of the
three subscales (KF, SD, OD) were less successful psychometrically [9]. In addition to that, it was
also observed that 9 of the 12 items in these three scales had similar correlations with multiple
subscales. There are also some items that appear clinically connected such that a score of one item
can be determined based on the score of the other item.
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2.2.2 Scale for Assessment of Rating of Ataxia (SARA)
The application of ICARS in daily examinations of ataxia patients is limited due to the
large number of items to be evaluated [10]. In 2004, a group of neurologists participating in
European integrated project on spinocerebellar ataxias (EUROSCA) proposed a new scale, SARA,
to assess ataxia patients. The Scale for Assessment of Rating of Ataxia (SARA) has 8 items:
evaluation of gait (score: 0-8), stance (score: 0-6), sitting (score: 0-4), speech (score: 0-6), and
four tests of limb kinetic functions (finger chase (score: 0-4), nose-finger test (score: 0-4), fast
alternating hand movements (score: 0-4), and heel-shin slide test (score: 0-4)). The limb kinetic
functions are rated independently for both body sides, and its arithmetic mean is included in the
total score [11].
In a study of different ataxia scales, 96 patients with FRDA were evaluated using SARA
and other ataxia scales [11]. The results showed that SARA correlated with the other two rating
scales (ICARS (r = 0.953) and FARS (r = 0.938)). The total score of SARA also correlated with
the disease duration (r = 0.712) and the activities of daily living scale (r = 0.929). It was concluded
that SARA may be a better choice since it is simpler and less time consuming than ICARS.
2.2.3 Friedreich’s Ataxia Rating Scale (FARS)
The FARS was developed from a larger scale devised by the Cooperative Ataxia Group to
evaluate functional and neurological deficits, with a greater weight given to gait and stance [11].
This scale has four domains: functional disability staging (FDS), activities of daily living (ADL),
neurological assessment, and quantitative timed activities (PATA rate, nine-hole pegboard
(9HPT), and 25-ft walk (T25FW)). The total score of FARS ranges between 0 and 159.
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In a study, 155 FRDA patients were assessed using FARS to test the validity of the rating
scale. They found a significant correlation between the functional and activities of daily living
(ADL) component of FARS with the disease duration. They also found a significant correlation of
FARS to the Physical Component Summary of the quality of life questionnaire SF-36 [11].
Thus, any of these rating scales can be used to assess the patients suffering from
Friedreich’s ataxia or any other type of ataxia. Quantifying the tests mentioned in all these rating
scales can help doctors to assess and compare the patient’s condition evaluated by different rating
scales. With the use of appropriate sensors, various functional and engineering parameters can be
extracted from the tests mentioned in these rating scales. The following chapters discusses three
engineered devices used in a study to evaluate a few of the tests mentioned in the FARS.

9

Chapter 3: Heel to Shin Tap
3.1 Introduction
Patients suffering from Friedreich’s Ataxia often experience a lack of mobility and
coordination in parts of their body. Daily living tasks become challenging as the disease
progresses, with patients often being confined to a wheelchair. Simple tasks that require hand-eye
or leg-eye coordination become very difficult due to limb ataxia or muscle weakness. Thus, the
clinical rating scales used to assess Friedreich’s Ataxia include several tests to evaluate the kinetic
functions of the upper and lower body.
In the FARS rating scale, several tests are mentioned under the neurological examination
section to evaluate upper and lower limb coordination. Heel to shin tap, one of the FARS tests, is
used to evaluate lower limb coordination of the FA patient. In this test, a patient is asked to tap
their heel eight times on the midpoint of the opposite shin from approximately 6-10 inches. The
grader observes and counts the number of missed attempts during the test and assigns the
corresponding FARS score. Higher FARS score correlates to a higher degree of ataxia (rubric
shown in figure 3.2). Since this test is graded solely based on visual observation, human error is
introduced while grading it. Hence, to eliminate this error, a wearable device was used in this
research to perform the FARS heel to shin tap test.
3.2 Background
There are no pre-existing devices in the market to quantify the FARS heel to shin tap test.
In a previous research conducted at the REED lab, a device was designed using force sensitive
resistor (FSR) to count the number of successful taps during the test. The device was found to be
10

very precise and reliable when tested on healthy individuals. Only two out of twenty-five tests
performed with this device reported any error. Thus, the engineered heel to shin tap device was
selected to perform the FARS test on subjects participating in this study. The design of this device
is explained in the next section.
3.3 Design of the Heel to Shin Tap Device Engineered at REED lab
The heel to shin tap device quantifies the heel forces exerted on patient’s shin during the
test. It consists of a raspberry pi, a raspberry pi touch display, an Interlink Electronics 406 FSR
(38 mm x 83 mm), a 10 kΩ resistor, and one MCP3008 ADC chip (an analog to digital converter).
The force sensitive resistor is a robust polymer thick film (PTF) sensor whose resistance
decreases as the force applied on the sensing area increases. Therefore, applied force on the sensing
area of FSR can be estimated in terms of voltage by implementing a voltage divider circuit (Figure
3.1).

Figure 3.1: Wiring diagram of FSR used in the device designed at the REED lab
As shown in the figure above, MCP3008, an analog to digital converter, is connected to
the raspberry pi to continuously read the output voltage of the circuit. The MCP3008 ADC chip
has a 10-bit resolution, so it scales the output voltage of the circuit to the range 0-1024 (i.e. with 0
11

being the minimum actuation force of FSR (i.e. 0.1 N,) and 1024 being the maximum force (i.e.
10 N).
After several trials and based on Dr. Zesiewicz’s suggestion, the program threshold for this
device was set to 450 (~4.45 N) i.e. a tap was counted as a success if a force greater than 4.45 N
was applied on the sensor.
For ease of use, the raspberry pi touch display is mounted on a tripod as shown in Figure
3.1. This touch screen display provides a graphical user interface to run the test. The FSR used in
this device is glued to a Velcro strap, and its sensing area is highlighted with a red tape. All the
other circuit components are placed in a black plastic box affixed to one of the tripod legs.

Figure 3.2: Overall design of the heel to shin tap device and an enlarged image of the breadboard
used in this device
3.4 Programming the Raspberry Pi
The code for this device was written on raspberry pi using the Python programming
language. With the use of tkinter, a programmable library in Python, a few buttons and labels were
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created to assist the grader in running the test and interpreting test results. The Figure 3.3 below
shows the output screen of the device.

Figure 3.3: Output screen of the heel to shin tap device
The python script was programmed to run whenever the raspberry pi boots up (at startup),
thus making it easier for grader to setup the device. In addition to that, the code written for this
device can do following tasks:
•

Pressing ‘Start Measuring’ button starts the timer and displays the current number of successes.

•

‘Stop’ button when pressed halts the code and displays total number of misses during the test
and the corresponding FARS score.

•

The program automatically stops when eight successes are recorded by the device (i.e. when
all attempted taps are successful taps).

•

‘Reset’ button when pressed resets the screen to the output screen shown in Figure 3.3.

•

Pressing ‘Quit’ button force quits the code from running.

•

The code for this device is also able to differentiate between a tap and a hold. Hence, applying
constant force to the sensor would not update the counter used to count successes.

13

3.5 Subjects
Seventeen subjects volunteered to participate in this study after having explained the
experimental procedure and goal of this research. Each subject was then asked to sign a consent
form by following the approved University of South Florida’s IRB participant consenting process.
The experimental group for this study consisted of FA patients, patients diagnosed for Parkinson’s,
and healthy individuals varying in size, age, gender, and race. To quantify the human error during
this test, all the trials were visually inspected and recorded.
3.6 Experimental Procedure
The test procedure for the FARS heel to shin tap test is outlined in the Figure 3.1. This test
can be performed in either a sitting or a supine position.

Figure 3.4: The FARS heel to shin tap test procedure
To keep the test procedure consistent, the test was performed in a sitting position with the
contralateral leg in extended position as advised by Dr. Steve Aradi, a neurologist at the USF
Health Morsani College of Medicine. The sensor was then attached close to the midpoint of a shin
as shown in Figure 3.2 below. After adjusting the Velcro based on the subject’s comfort, they were
asked to tap their heel on the red square (shown in Figure 3.2) eight times from approximately 610’’ above the sensing area (red square). If eight successes were registered by the device during
the test, the program automatically stopped, and the test results were displayed on the screen. In
other cases, the stop button was manually pressed to halt the program and record the results. After
14

successfully performing the test on the right/left shin, the sensor was switched to the other leg and
same the procedure was carried out to record the test results.

Figure 3.5: Experimental setup of the heel to shin tap device
3.7 Data Evaluation
The results of 34 tests (two from each subject) were recorded manually and using the heel
to shin tap device. The number of successful taps recorded during each test are summarized in the
Table 3.1 (see Appendix A).
The graph below (Figure 3.6) shows the error between number of successes reported by
the device and number of successes counted manually for each trial (error = device contacts –
manual contacts). ‘Right heel error’ and ‘Left heel error’ corresponds to the error observed in the
heel to shin tap test when the sensor was placed on the left shin and right shin respectively.

15
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Figure 3.6: A graph showing error between the number of successes reported by the device and
counted by the grader
The scatter plot in Figure 3.6 shows that errors were encountered in only eight out of thirtyfour tests conducted using this device. The average absolute error in number of successful taps
reported by the device was calculated to be 0.4118, with the maximum absolute error being 4. It
was also observed that no errors were encountered while testing healthy individuals using this
device. This shows that the device is accurately able to measure well-coordinated taps.
The errors reported while testing ataxia patients can be a result of overshoot/undershoot in
number of successes reported by the device, or due to human error. While testing the device on
subjects with ataxia, it was observed that due to lack of coordination they either applied a
significant force on the FSR, or completely missed it. In some cases, subjects narrowly missed the
FSR, but due to large amount of force applied near the sensing area, the device counted the attempt
as a successful tap. Thus, an overshoot in number of successful attempts reported by the device
could have been caused due to significant force recorded by the sensor during a miss.
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The FSR used in this device is very sensitive, so it can be under constant force if it is
wrapped too tightly around the leg. In addition to that, sometimes moving the leg (on which the
sensor is attached) during the test causes FSR to flex. If the FSR stays flexed in either of these
cases, the device interprets it as a hold and thus undershoots the number of successful taps during
that test.
Using a wearable device and just focusing on the red square (sensing area) to count the
number of successes makes the grader’s job easier in evaluating this test. However, there are still
some instances while testing ataxia patients when it’s tough to tell just by mere inspection if the
attempted tap was a success. Sometimes, even a lapse in concentration can easily introduce human
error in the rating scale.
3.8 Limitations
One of the major limitations of this device is its inability to locate the position of applied
force. The location of applied force can help to see if the attempted taps during the test are in the
same area. This can help in providing a better objective measure of the lower limb coordination.
In addition to that, the FSR used in this device was too sensitive. Hence, it is suggested to gently
wrap the Velcro to avoid any unnecessary forces on the sensing area.
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Chapter 4: 25-ft Walk Test
4.1 Introduction
FRDA usually presents around puberty with slowly progressive instability, dysmetria and
dysarthria, leading to loss of independent gait and severe disabilities [12]. It is very common that
patients lose their gait as the disease progresses, often leading to paralysis. While transition to
becoming fully wheelchair bound is a critical milestone in the disease course, it presents a
particularly challenging prediction, mostly due to variability in inter- and intra-subject severity
and progression [13].
The three primary rating scales (ICARS, SARA, and FARS) use different tests such as
tandem walk, tandem stance, stance on dominant foot, sitting posture, and walk test to evaluate
the gait stability in FA patients. Walk test is one of the most common gait tests mentioned in these
rating scales. However, it is performed and evaluated differently for each rating scale. ICARS and
SARA rating scales use a 10m walk test to evaluate the patient’s gait, whereas the FARS rating
scale uses an 8m/25ft gait test. This makes it difficult to correlate the results obtained from walk
tests performed using different rating scales.
The gait (8 m/25 ft walk) test mentioned in FARS rating scale is a timed walk test
performed and evaluated by a trained professional. Even though it is a timed test, the time duration
of the walk does not affect the overall grade of this test. On the contrary, this test is graded based
on the evaluator’s observation. Factors such as difficulty in walking or turning, veering away from
the path, or walking with wall/cane support are carefully observed to grade this test. Since this test
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is highly subjective, a device designed using four obstacle detection sensors was used in this
research to extract gait velocity at different intervals.
4.2 Background
Loss of balance and coordination is the most common initial symptom of Friedreich’s
ataxia. Gait and balance impairments become worse as the disease progresses, but limited research
has quantitatively assessed these deficits in adults with FA [15]. A few studies have been
conducted in the past using wearable and non-wearable sensors to record different gait parameters.
For instance, a tri-axial accelerometer was used in a study to assess the gait parameters such as
stride length, step length, and step width in patients performing a 4-meter walk. In this study it was
observed that the method of wearing the device might influence the gait information obtained from
the accelerometer [16].
In another study, eight FA subjects and eight controls were tested using GAITRite and
Biodex Balance systems and the FARS [14]. GAITRite is a single layer pressure sensitive
walkway connected to a computer system that can measure temporal and spatial gait parameters
such as stride length, step length, heel to heel base of support, and cadence. The analysis software
on computer can display the footsteps in real time and record the entire walk to assess the current
condition and track the gait ataxia. The Biodex Balance system consists of four pressure sensors
and a suspended circular platform. In this study, the Biodex Balance system was used to assess the
posture stability of a subject. Even though significant correlations were obtained between the gait
parameters obtained from both the systems and the FARS score, this study suggested that gait
velocity may be a key gait parameter to identify the progression of the disease.
In the past, under the guidance of Dr. Reed and Dr. Zesiewicz, a device was designed at
the REED lab to quantify the 10-meter walk test. This cost-effective device used 4 obstacle
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detection sensors to quantify the warmup and cooldown gait components of the patients’ walk.
Based on the results of a study conducted on healthy individuals, the device was found to be
accurate and highly reliable. The only issue with this device was the inability of the sensor to view
dark colored clothing. Thus, for this thesis the diffuse-reflective sensors from the old device were
replaced by more accurate polarized retroreflective sensors. The design of the old device and the
modifications made to that device are explained in the sections below.
4.3 Design of the Walk Test Device Engineered at the REED Lab
The device used in the past research used three end devices and one controller device to
quantify the 10 m walk test. An end device consisted of a Waveshare laser receiver sensor
transmitter module (obstacle detection sensor), one Arduino UNO, an XBee shield, and a Digi
series XBee 1 module. The controller device consisted of all the above-mentioned components
along with a raspberry pi and a smart pi touch display. For ease of use, the Waveshare sensor
module was mounted on a tripod, whereas all the other components were placed in a black box
which was screwed on one of the tripod legs as shown in the figure below (Figure 4.1).

Figure 4.1: A picture of the device (old) designed at the REED Lab for the 10-m walk test
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Each Waveshare sensor module used in this system of devices was connected to an Arduino
UNO to continuously monitor its output. This laser sensor produces a change in its digital value
when the subject breaks the laser beam. The XBee module was then attached to each Arduino to
transmit/receive the data obtained from the sensor. All three XBee modules used in the end devices
were connected to the XBee module of the controller device using XBee Configuration and Test
Utility (XCTU), a software provided by Digi (a technology and communications company). Thus,
with the use of XBee modules, a wireless end point connection was established at the controller
device.
The Arduino in the controller device receives the output data of all three sensors (end
devices) via XBee module. Thus, a code was written in C language to identify the XBee sending
the data and to check if the corresponding sensor detected the patient/subject. For this, digital pins
two (end device one), three (end device two), and four (end device 3) of Arduino were assigned as
outputs. If a patient/subject was detected by the sensor, then, a low signal (0) was sent to the output
pin corresponding to the XBee sending the data.
The digital output pins of the Arduino used to identify the XBee were connected to a
raspberry pi to accurately time the walk test. With the help of timers and information received
from the Arduino about the location of the sensor triggered (or XBee module), the raspberry pi
was programmed to evaluate the warmup time, cooldown time, and the total time of the walk test.
4.4 Modified Design of the Device
While testing the old device it was observed that the Waveshare sensor worked well with
light colors; however, it was unable to detect darker objects. Thus, this sensor was replaced by the
Eaton 1451E-6513 polarized retroreflective sensor (Figure 4.2). The Eaton 1451E-6513 polarized
retroreflective sensor is a photoelectric sensor which consists of an emitter and receiver in a single
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housing. A reflector is installed on the other side of the sensor to reflect light emitted by the emitter
back to the receiver. The working principle of the polarized retroreflective sensor is shown below.

Figure 4.2: Working principle of Eaton 1451E-6513 polarized retroreflective sensor
The Eaton 1451E-6513 polarized retroreflective sensors are further classified into three
categories based on the output type: solid-state relay, NPN/PNP, and SPDT EM relay. For this
device, the sensor with solid-state relay output was selected. An external 12V DC power supply
was used to power the sensor. Each of the four photoelectric sensors were connected to an Arduino
UNO as shown in the circuit diagram (figure 4.3) below.

Figure 4.3: Wiring diagram of the sensor used in the modified walk test device
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In addition to that, a housing was designed to mount the polarized retroreflective sensor on
the tripod (Figure 4.4). The configuration of the XBee modules and the code used to program the
Arduino for the old device were not altered. However, some changes were made to the code written
for the raspberry pi to store the recorded time values in a better format. The Table B.2 (see
Appendix B) shows the format in which the data is stored on the raspberry pi.

Figure 4.4: Housing designed for the polarized retroreflective sensor
4.5 Subjects
The experimental group for this study comprised of FA patients, Parkinson’s patients, and
healthy individuals of varied age, size, gender, and race. The subjects interested to participate in
this study were explained the test procedure and the purpose of this research before getting their
signed consent. A total of fifteen subjects volunteered to participate in this study. The test results
were recorded both manually using a stopwatch and using the device to estimate the human error
introduced in recording the test.
4.6 Experimental Procedure
The 8m/25ft gait test is a timed walk test mentioned under upright stability section of the
FARS test manual. The test procedure of the FARS 25-foot walk test is outlined in Figure 4.6
below.
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Figure 4.5: Procedure outlined for the FARS 25-foot walk test
The FARS 25ft walk test was performed in a wide hallway devoid of any furniture. The
sensors were placed on a tripod at 0 ft, 5 ft, 20 ft, and 25 ft. The figure 4.5 below shows the overall
setup of the test, the controller device, and one of the end devices.

Figure 4.6: Overall setup of the device, the controller device, and a close-up of an end device
For this study, the subjects were instructed to walk 25ft in a straight direction at a normal
pace, turn around using a single step pivot, and return to the start line. The time was recorded for
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this entire walk (i.e. 50 ft) using a stopwatch and the walk test device, and the FARS score was
evaluated by observing the subject’s walk.
4.7 Data Evaluation
The data obtained from the device during the FARS walk test was used to evaluate absolute
error and different components of gait velocities recorded during each test. The absolute error
estimated during each test was used to analyze human error during the test, whereas, gait velocities
were used to provide a more objective assessment of this test.
4.7.1 Average Absolute Error Recorded during the FARS Walk Test
The total time of the walk test estimated by the device and a stopwatch for all the fifteen
subjects are recorded in the Table B.1 (see Appendix B).The absolute error in the recorded values
were calculated and summarized in this table using the following equation:
Absolute error=| (time estimated using the device)-(time estimated using a stopwatch) |
The average absolute error estimated in all trials along with the absolute error estimated while
conducting the tests on ataxia patients and healthy individuals are summarized in the table below.
Table 4.1: Average absolute error in recording the time for the FARS 25 ft walk test using the
device
Time (seconds)
Average absolute error in all tests

0.45

Average absolute error in tests conducted on ataxia patients

0.50

Average absolute error in tests conducted on healthy individuals 0.34

As observed from the Table 4.1, the average absolute error using this device in tests
conducted on ataxia patients was much higher than the tests conducted on healthy individuals. This
could have resulted if the grader was more focused observing the walk than timing it. Since healthy
individuals have a normal gait, the grader could have been focused more on timing the test.
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However, this is not the case in ataxia patients, as the grade for this test heavily depends on the
quality of walk.
The Figure 4.7 below shows a scatter plot of absolute error encountered in all the walk tests
graded using a stopwatch and the device. As observed from the figure, the maximum absolute error
of 1.48 seconds was recorded during the first test conducted with this device. This error could have
resulted due to the walking stroller used by the subject to perform this 25-ft timed walk test. Since
the walking stroller is ahead of the subject during the entire walk, it ends up activating the timer
before the subject passes the sensor. Thus, an error could have been introduced if the person
holding the stopwatch waited for the subject to cross the start line.

Absolute error in timing the 25ft walk test using device
and stopwatch for each test
1.6
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Absolute error (seconds)

1.4
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Figure 4.7: Plot of the absolute error encountered when recording the FARS walk test using the
device
Thus, the results from this analysis shows that the device used to time the FARS walk test
accurately recorded the time duration of the entire walk. Using this device would allow the
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evaluator to focus more on the patient’s walk, thus eliminating the human error encountered in
timing the test.
4.7.2 Gait Velocities Estimated Using the FARS Walk Test Device
During the FARS walk test, this device recorded the warmup time, 15 ft time, and
cooldown time along with the time taken to finish the entire walk. The warmup time recorded for
both walks corresponds to the time taken by the subject to walk 5 ft after starting from rest.
Similarly, cooldown time corresponds to the time taken by subject to walk 5 ft before coming to
rest. The 15 ft walk time was used in this analysis to estimate the average velocity of the subject
walking at a normal pace. These recorded time values were used to calculate the velocity of the
subject during the corresponding section.
The estimated velocity of each subject during different sections of the walk and the average
velocity during the entire walk are summarized in the Table B.3 (see Appendix B). This table
includes the warmup velocity, 15 ft velocity, and cooldown velocity for each 25 ft walk performed
by a subject during the FARS walk test. While analyzing the data for each subject individually, it
was observed that for each trial, the 15 ft velocity (velocity of the subject walking at normal pace)
was significantly lower than the average velocity of the subject. In addition to that, the 15 ft
velocity of the subject during both the 25 ft walks hardly changed. This shows that the subjects
were indeed walking at a normal pace during this section.
The different velocities reported in the Table B.3 were used to estimate the average
velocity of healthy subjects and unhealthy subjects performing the test. These values are reported
in the table below. As observed from the Table 4.2, the average 15 ft velocity of the subject with
ataxia (1.081 ft/s) and healthy individuals (1.437 ft/s) did not differ a lot. However, the average
warmup and cooldown velocity of an ataxia patient test was significantly lower than a healthy
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subject. It was also interesting to observe that the average cooldown velocity of both healthy and
unhealthy subjects was higher than the average warmup velocity during the test.
Table 4.2: Average velocity of healthy subjects and subjects with ataxia during the walk test
Average
15-ft
velocity
(ft/s)
1.437

Average
cooldown
velocity (ft/s)

Average velocity
of the entire walk
(ft/s)

Healthy subjects

Average
warmup
velocity
(ft/s)
3.842

4.213

3.589

Subjects with ataxia

2.637

1.081

3.286

2.580

The results from this analysis shows that the data captured from the device can be utilized
to extract important gait parameters such as gait velocity to provide a better assessment of the
disease, and thus can help in quantifying the FARS rating scale.
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Chapter 5: Vibratory Sense Test
5.1 Introduction
The ability of the human body to feel or sense vibration is called Pallesthesia. Vibrations
are sensed through mechanoreceptors located in our skin and bones, and this sensation activates
sensory neurons located throughout our body. These sensory neurons send a signal to the brain via
the spinal cord. As a result of how the human body works, any damage to the nervous system will
cause a decrease in the ability to sense vibration, which is often referred to as pall hypesthesia.
Due to cerebellar and spinocerebellar degeneration, Friedreich’s ataxia (FA) also causes
progressive peripheral neuropathy. A peripheral sensory neuropathy is common and
reduced/absent vibration sense and proprioception result from degeneration of the posterior
columns of the spinal cord [18]. As a result, lower limb reflexes are degenerated, and FA patients
suffer from pall hypesthesia. Nerve conduction studies (NCS), quantitative sensory testing (QST),
and skin biopsy assessment of epidermal nerve fiber density (ENFD) are commonly used and
validated measures of peripheral nerve involvement in other hereditary and acquired
polyneuropathies [21].
Several tests are mentioned in the FARS test to assess the progression of ataxia in the
peripheral nervous system. This thesis focuses on the vibratory sense test mentioned in the FARS
rating scale. This test is performed using a tuning fork vibrating at 128 Hz frequency. There is no
gripping reason for using this specific tuning fork except that the standards have been developed
for the 128Hz tuning fork. The test is graded solely based on the time duration that a patient can
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sense the vibration in the tuning fork when placed on their toe or index finger. Therefore, it is
important to evaluate other parameters from this test. The focus of this study was to design a device
to analyze the frequency and to study the decay in vibrations of the tuning fork used in this FARS
test.
5.2 Background
Several electronic devices such as the Biothesiometer, the Optacon, and the computer
assisted sensory examination have been developed to quantify the vibration of a tuning fork. All
these devices are expensive, bigger in size, and time consuming to set up. With the introduction of
the 64 Hz graduated tuning fork by Rydel and Seiffer (Martin, Tuttlingen, Germany) in 1903 it
seemed as if all the needs were fulfilled in providing an instrument which is easy to apply,
inexpensive, and reliable for quantifying impairment of vibration sense [19]. However, this
graduated tuning fork has end weights that convert the frequency of tuning fork from 128 Hz to
64 Hz. Since the frequency of tuning fork is altered in Rydel-Seiffer tuning fork, it can’t be used
to quantify the FARS vibratory sense test.
Vibrameter, an electronic device, is another device used to measure vibration perception.
The results of a study investigating the intra-tester reliability of the Vibrameter showed that the
Vibrameter can be difficult to use which could limit its clinical application and adversely affect its
reliability [20]. Since all the devices mentioned in this section are either too expensive or use
different frequencies to measure the vibration, an attempt was made to design a cost-effective
device to quantify the vibrations of the tuning fork during the FARS test.
5.3 Design of the Vibratory Sense Device
The device designed for the FARS vibratory sense uses the data obtained from a pre-wired
strain gauge of 120-ohm nominal resistance to evaluate different parameters of this test. The strain
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gauge was attached near the handle of the tuning fork using SG496, a methyl-based cyanoacrylate
adhesive as shown in figure 5.1.

Figure 5.1: Strain gauge attached to the tuning fork using SG496 adhesive
Since the strain gauge is glued on one of the tines, any sort of bending or vibration in the
tines would result in resistance change of the strain gauge. To measure this change in resistance in
terms of voltage, the strain gauge was connected in a Wheatstone bridge circuit. Due to internal
resistance of wires and tolerance of wires used in a circuit, external components were required to
stabilize the bridge to a constant voltage. As shown in figure 5.2 below, a 50 Ω potentiometer and
a 2.2 kΩ shunt resistor were added to the Wheatstone bridge to calibrate this device.

Figure 5.2: Wheatstone bridge circuit with a strain gauge

31

The output voltage of Wheatstone bridge is in the order of millivolts, so an instrumentation
amplifier (INA103) was used to amplify this differential voltage VAC (figure 5.2). The gain of this
instrumentation amplifier was set to 601 externally using a 10-ohm resistor (RG). The following
equation shows the relation between the gain, G, and resistor RG for this instrumentation amplifier:
G=1+

6kΩ
(from the datasheet)
RG

The output voltage of the instrumentation amplifier was then converted to a digital value
using an MCP3008, an analog to digital converter. MCP3008 has a 10-bit resolution, so the applied
analog voltage to this ADC chip is converted to a digital value within the range of 0-210. This ADC
chip was programmed using a raspberry pi to read and record the voltage applied to its input
channel.
In addition to all these components, TTP223, a capacitive touch sensor, was also connected
to the raspberry pi to find the instances when the tuning fork was placed and lifted from the
subject’s toe/finger during the test. This capacitive touch sensor outputs a value of 1 when
touched/pressed (default value: 0). While performing the FARS vibratory sense test using this
device, the running time, output voltage of the circuit, and the data obtained from touch sensor
during a trial were recorded in a file.
After running a few tests with this device, the data recorded in the file was evaluated using
MATLAB. Upon plotting the voltage values over time, noise was observed in the data. Therefore,
a low pass RC filter was added at the input channel of MCP3008 to filter out high frequency noise
introduced during the test. This filter was designed to have a cut-off frequency of 200 Hz (half the
sampling frequency). Figure 5.3 below shows the final design of the device, and a zoomed-in
image of the breadboard. The raspberry pi touch display (figure 5.3), connected to raspberry pi,
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was used to provide a graphical user interface. The section below explains the code written on
raspberry pi to provide user with enough options to run the FARS vibratory sense test.

`
Figure 5.3: Design of the vibratory sense device and an image of the breadboard
5.4 Programming the Raspberry Pi
The code for the raspberry pi was written in python to provide a user-friendly environment
to run the test, display test results, and save recorded data for each trial. The code was also
programmed to run automatically at startup (boot) on the raspberry pi.
The Figure 5.4 below shows the output screen of the device. The labels and buttons shown
on the screen were created using tkinter, a programming library on python for designing a GUI
(graphical user interface). The function of these buttons and labels are discussed below.

33

Figure 5.4: Output screen of the raspberry pi display at startup
The code written for this device can accomplish the following tasks:
•

“Previous patient” and “Next patient” button when pressed increments/decrements the patient
number by 1.

•

“Next trial” button increments the trial number by 1. Since each subject was tested four times
during the FARS vibratory sense test, the counter resets to 0 when it reaches a value of 5. For
the sake of consistency in data collected using this device, Trial 1, Trial 2, Trial 3, and Trial 4
were performed on right toe, left toe, right index finger, and left index finger respectively for
all the tests.

•

The patient number selected by the end user is used to name the folder, whereas, the trial
number is used to name the text file used to save the test results. For instance, selecting patient
number 5, trial number 3, and hitting the “Start” button would create a text file named “Trial
3” under a folder named “Patient 5”. All these folders were stored on the raspberry pi desktop.
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•

The device starts recording the data in a file (on pi desktop) when the “Start” button is pressed.
It also displays an error message if the file/folder with same name exists, while giving the user
an option to overwrite the existing file or to choose another patient-trial combination.

•

“Stop” button stops recording the data, closes the text file, and prints result of the test on the
screen.

•

“Reset” button clears all the results printed on the screen and saves the file in chosen folder.

•

“Force quit” button stops the code from running and closes the user interface.

5.5 Device Calibration
Before conducting the test, the device was calibrated to reduce repeatability error and to
successfully read and record the output voltage. When the tuning fork was at rest, the differential
voltage between nodes A and C (VC – VA) of the Wheatstone bridge (figure 5.2) was set to +0.2
mV by adjusting the control shaft of the 50 Ω potentiometer.
5.6 Device Performance
Three different tests were conducted to evaluate the performance of this device. Each case
and its results are discussed below.
5.6.1 Case 1: Tuning Fork at Rest
The tuning fork was placed on a flat surface while running this test to check the stability
of output voltage recorded by this device. The voltage values recorded during this test were plotted
in both time and frequency domain as shown in Figure 5.5. The plot of voltage in time domain
shows that most of the voltage values recorded by the device were in a range of 0.12-0.16 V.
The plot in frequency domain was generated using the inbuilt fft (Fast Fourier Transform)
function in MATLAB. The frequency response of the device in this case is shown below in the
Figure 5.5. The peak in frequency domain corresponds to the most frequent voltage value recorded
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over a range of frequencies. In this case, most voltage values reported by the device were recorded
at 59.94 Hz.

Figure 5.5: Response of the device when tuning fork is at rest
5.6.2 Case 2: Pinching the Tines of the Tuning Fork
For this test, the tines of the tuning fork were pressed against each other 20 times to check
the response of the device, and to estimate the maximum voltage recorded during the test. The
voltage values recorded during this test were found to be in a range of 0.15-0.96 V. Thus, under
maximum bending (tines pressed), the output voltage was recorded at 0.96 V. The plot of voltage
vs time (Figure 5.6) shows the fluctuations in voltage during this test. It is evident from the figure
that the tines were pressed between 6 to 15 seconds. In addition to that, the voltage values recorded
before 6 seconds and after 15 seconds (tuning fork at rest) fluctuated around the same value. Thus,
the device was able to return to its initial state after the test.
The frequency at which the tines were pressed in this case can be calculated using the
following equation:
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𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑒𝑠𝑠𝑒𝑠 20
=
= 2 𝐻𝑧
𝑇𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒
10

The total time used in the above calculation was estimated from the voltage vs time plot (Figure
5.6). The frequency response shows that most voltage values reported by the device were recorded
at a frequency of 2.068 Hz. This shows that the device was accurately able to measure the
frequency at which the tines were pressed.

Figure 5.6: Response of the device for Case 2
5.6.3 Case 3: A Vibrating Tuning Fork
The third test was conducted to analyze data obtained from the device when the tuning fork
undergoes free vibration. To perform this test, the tuning fork was struck against a surface and
held in air until it stopped vibrating.
The frequency response of the device during this case is shown in the Figure 5.7. As
observed from the plot, most voltage values were recorded by the device at 128.6 Hz. In addition
to that, the device also recorded some voltage values at a frequency as high as 190 Hz. Thus, this
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shows that the device was able to capture voltage values at the rated frequency of the tuning fork
used in this case i.e. 128 Hz.
The voltage vs time plot shows a spike in voltage at approximately 7 seconds followed by
an exponential decay in voltage values. This plot accurately represents the behavior of a tuning
fork undergoing free vibration. In this case, the spike in voltage corresponds to the voltage
measured when the tuning fork was struck against the surface, and the decay in voltage values
represent the decay in vibrations of the tuning fork.

Figure 5.7: Plot of voltage values recorded for Case 3 in time domain and frequency domain
To study the decay in vibrations during this test, the voltage values recorded by the device
were digitally filtered to obtain a smooth curve. For this, the envelope of voltage values was
estimated using MATLAB to outline the extreme values. The upper envelope of the voltage signal
was then filtered using butter function (a digital filter) to remove unwanted noise from the signal.
The Figure 5.8 below shows the recorded voltage signal (red), upper envelope (black), lower
envelope (blue), and the filtered upper envelope (green).
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Figure 5.8: Plot of voltage and envelope of voltage values recorded during the test in time
domain
The green curve shown in the Figure 5.8 represents the decay in voltage over time. To
quantify this test, the equation representing this curve was estimated using the curve fitting
toolbox, an application on MATLAB. A few voltage values were excluded, as shown in Figure
5.9, to improve the fit. The coefficients of the equation for this test and other parameters that define
the quality of fit are summarized in Figure 5.10.

Figure 5.9: Plot of the filtered upper envelope of voltage values recorded during the test in time
domain
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Figure 5.10: Coefficients of equation and fit parameters of the blue decaying curve shown in
Figure 5.9
Thus, the equation representing the decay in voltage values reported by this device for this
case was estimated to be:
𝑉(𝑡) = 0.5036 ∗ 𝑒 −0.1289∗𝑡 + 0.1531
Here, t is the time in seconds, and V(t) represents the approximate voltage value at time t. For this
case, the initial voltage (voltage at time t=0) corresponds to the maximum voltage shown in the
graph, whereas the final voltage corresponds to the voltage estimated at time t= ∞. Thus, ideally
the voltage reported by the strain gauge should converge to a stable value as the tuning fork comes
to a rest. Using the initial and final voltage, the vibration in tuning fork at any instant can be
quantified in terms of amplitude by applying the following steps:
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒: 𝑉(0) = 0.5036 ∗ 1 + 0.1531 = 0.6567 𝑉
𝐹𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒: 𝑉(∞) = 0 + 0.1531 = 0.1531 𝑉
% 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 =

𝑉(0) − 𝑉𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑
∗ 100
𝑉(0) − 𝑉(∞)
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Thus, the results from this case shows that the FARS vibratory sense test can be quantified
in terms of the amplitude of vibration sensed by the subject.
5.7 Subjects
A total of ten subjects volunteered to participate in this study. Five of the ten subjects were
patients with Parkinson’s who were recruited during their visit at the clinic, and the rest were
healthy individuals. All the subjects were explained the purpose of the study and the test procedure
(figure 5.5) before getting their consent for this proof of concept study.

Figure 5.11: The FARS vibratory sense test procedure
5.8 Experimental Design and Test Procedure
The subjects were asked to sit in a chair placed close to the device. Prior to the test, they
were educated regarding the sense of vibration by placing a vibrating tuning fork on their toe or
index finger. After selecting the patient and trial number on the output screen, start button was
pressed to begin the test.
The tuning fork was hit after pressing the “Start” button on the touch screen display to
estimate the striking frequency of the tuning fork. The vibrating tuning fork was then placed on
the subject’s toe/index finger, and the touch sensor was activated to start the timer. The tuning fork
was kept at that position until the subject could sense the vibration.
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The grader was notified by the subject when he or she was unable to sense the tuning fork
vibrating. At this instant, the touch sensor was tapped again to stop the timer and the “Stop” button
was pressed to display the test result. For this device, the total time duration of the test, the time
duration of tuning fork placed on the subject, and the last output voltage recorded by strain gauge
when the tuning fork was lifted off the subject are reported on the raspberry pi touch display.
5.9 Data Evaluation
Thirty-eight tests were conducted on ten subjects using the engineered device to perform
the FARS vibratory sense test. The table below summarizes the time duration that each subject
was able to sense the tuning fork vibrating when placed on their toe/finger.
Table 5.1: The time duration for which the tuning fork was placed on the subject during the test
Subject
No.

Type

Right toe
(s)

Left toe
(s)

Right finger
(s)

Left finger
(s)

1

Healthy

18.1

19.7

21.6

24

2

Healthy

17.8

21.6

26.09

26.04

3

Healthy

24.25

25.43

24.61

29.28

4

Healthy

23.08

20.32

23.89

23.85

5

Healthy

18.68

14.83

24.28

21.97

6

Parkinson’s

12.02

15.23

32.13

26.78

7

Parkinson’s

13.47

11.17

23.61

20.47

8

Parkinson’s

-

-

23.47

18.48

9

Parkinson’s

9.15

7.54

16.26

13.21

10

Parkinson’s

15.53

11.74

11.00

15.018

According to the FARS rating scale, the vibratory sense of the subject is impaired if he/she
is unable to sense the vibration for more than 15 seconds in toes, and 25 seconds in fingers. While
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testing the device on healthy individuals, it was observed that some subjects were unable to sense
the vibration for the specified time. This shows that the time duration alone isn’t reliable to
evaluate this test. Hence, the voltage values recorded using the strain gauge glued to the tuning
fork were used to further evaluate the results.
To study the change in voltage over time and extract frequency parameters, MATLAB was
used to plot the values (voltage) obtained during the tests in both time domain and frequency
domain. The Figure 5.12 below shows the plot of voltage vs time for one of the tests conducted
using this device. The orange portion of the plot represents the response of the device when the
tuning fork was placed on the subject. The plot of voltage vs time shows that the maximum voltage
was recorded by the device at approximately 3 seconds i.e. when the tuning fork was struck against
the surface. As observed from this plot, the tuning fork was placed on the subject approximately 2
seconds after it was struck. During this test, the subject was able to sense the vibrations for 26.78
seconds.
The Figure 5.12 also includes a plot of voltage values in frequency domain. This plot shows
that this device recorded several values over a frequency range of 0-200 Hz. However, the most
values reported by the device were recorded at 128.6 Hz.

Figure 5.12: Plot of voltage values obtained during one of the trials in time domain and
frequency domain
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The decaying curve representing the orange portion of the graph is shown in the Figure
5.13 below. The equation representing the decaying voltage curve was estimated using MATLAB
to be:
𝑉(𝑡) = 0.1635 ∗ 𝑒 −0.1797∗𝑡 + 0.4624
The initial voltage (V(0)) and final voltage (V(∞)) for this test were estimated to be 0.6259
V and 0.4624 V respectively. In addition to that, the voltage when the tuning fork was lifted (at
t=26.78 s) was estimated to be 0.4637 V. If 0.6259 V and 0.4624 V corresponds to the maximum
and minimum amplitude of vibrations induced during this test, then we can say that the patient
was able to sense the tuning fork vibrating until the amplitude of vibration dropped around 0.4637
V. Thus, the patient was able to sense 99% of the amplitude of vibration induced during the test.
Similarly, the percent amplitude for the remaining trials were calculated, which are tabulated in
the Table 5.2 below.
The result of this analysis showed that the subject was able to sense almost all the vibrations
when the tuning fork was placed on right and left index finger. However, the subject lost some
vibratory sense in the right toe. As shown in the table, the subject was only able to sense 86% of
the vibrations in tuning fork during this test. Since the touch time for the trial conducted on the
right toe is less than 15 seconds, the vibratory sense in this subject was deemed impaired.
Additionally, this analysis provides a more quantitative assessment of this test.
Thus, useful information can be obtained from this device if it is accurately calibrated
before each test. However, due to a few limitations, the device was unable to record useful voltage
values during most of the trials. These limitations are discussed below.
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Figure 5.13: The decaying curve obtained after filtering the voltage values recorded during one
of the tests
Table 5.2: Quantifying the FARS vibratory sense test in terms of amplitude of the vibration for
one of the tests conducted using the device
Trial Number

Percentage of amplitude
sensed by the subject

Touch time (s)

Right toe

86%

12.02

Left toe

93.47%

15.23

Right index finger

99.55%

32.13

Left index finger

99.20%

26.78

5.10 Limitations
The device engineered to quantify the FARS vibratory sense test was found to be unstable
during most of the trials. This issue was fixed by adding a low pass filter to the circuit, and thus
removing high frequency noise from the data. The response of the device improved immensely
after adding this filter. However, this proved to be a temporary fix. Since a lot of electronic
components were used in this circuit, a slightly loose connection in any of the wire resulted in an
unstable output voltage. In addition to that, this device was transported back and forth during all
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the clinical visits. Thus, in a few cases a loose connection was a result of transporting these devices
for testing. For future testing, it is recommended to calibrate the device accurately and store it near
the testing location to accurately record voltage values during the test.
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Chapter 6: Conclusion
Of all the three devices used in this thesis, only one device showed promising results during
the tests conducted on healthy individuals and ataxia patients. The 25 ft walk test was found to be
very accurate, whereas, the heel to shin tap device reported some errors while conducting tests on
ataxia patients. The vibratory sense showed promising results when calibrated, however, since
only a few useful readings were obtained from this device, more data needs to be collected before
making any conclusion.
The heel to shin tap device was found to be very precise while conducting the tests on
healthy individuals. However, while testing on ataxia patients, the average absolute error of 0.4118
(number of successful taps) was encountered using this device. In addition to that, the maximum
absolute error of 4 shows that the device can be highly inaccurate. Thus, a sensor replacement was
suggested for this device to identify the position of the force applied on shin during the FARS test.
The 25 ft walk device showed promising results while testing it on both healthy and
unhealthy subjects. The device accurately recorded and reported time values at different sections
of this test. In addition to that, upon evaluating the data, it was observed that gait velocity might
be a key parameter in evaluating this test. Thus, this device is ready to be used in clinical setting
to quantify the FARS walk test.
The vibratory sense device was accurate in recording and reporting the time duration for
which the subject was able to sense the tuning fork vibrating. However, a lot of noise was
encountered while recording the voltage values using the strain gauge. This issue was fixed during
the later stages of the trials by adding a low pass filter in the circuit. This improved the results
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drastically. The results obtained after adding this filter showed that the data obtained from this
device can be used to quantify this test in terms of amplitude. However, more testing is required
before making any conclusions about this device.
The devices engineered and modified in this thesis were able to extract important
parameters from the FARS tests. This shows that the use of sensors in quantifying the rating scale
can help neurologists to provide a better estimate of the progression of ataxia by eliminating human
error introduced in testing. Thus, beyond modifying these devices, additional devices need to be
designed and tested to quantify the other tests mentioned in the FARS rating scale. Hopefully, this
would increase the reliability of the rating scale and, thus help neurologists in assessing
neurodegenerative diseases.
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Appendix A: Data Recorded for the Heel to Shin Tap Test
Table A.1: Successful attempts reported by the device and the grader for the heel to shin tap test
Right heel to left shin
Left heel to right shin
(successful taps/8)
(successful taps/8)
Subject No.
Human Device Error Human Device Error
1
5
5
0
5
8
3

Date

Type

9/28/2020

FA

9/28/2020

FA

2

6

6

0

8

8

0

9/29/2020

SCA

3

7

3

-4

7

5

-2

10/22/2020 SCA2

4

8

8

0

8

8

0

10/12/2020

H

5

8

8

0

8

8

0

10/12/2020

H

6

8

8

0

8

8

0

10/12/2020

H

7

8

8

0

8

8

0

10/12/2020

H

8

8

8

0

8

8

0

10/12/2020

H

9

8

8

0

8

8

0

1/11/2021

PD

10

5

6

1

2

2

0

1/11/2021

PD

11

6

5

-1

8

8

0

1/11/2021

PD

12

8

8

0

8

8

0

2/2/2021

PD

13

0

0

0

7

8

1

2/3/2021

PD

14

8

8

0

7

8

1

2/4/2021

PD

15

8

8

0

8

8

0

2/5/2021

PD

16

8

8

0

8

8

0

2/10/2021

PD

17

8

7

-1

8

8

0
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Appendix B: Data Recorded for the 25 ft Walk Test
Table B.1: Total time of the 25 ft walk test recorded in the study using the engineered device and
a stopwatch
Subject
Type
Number
1
Friedreich's Ataxia

Device (s)

Stopwatch (s)

Absolute Error (s)

21.52

23

1.48

2

Friedreich's Ataxia

17.28

17.16

0.12

3

Healthy

14.59

14.84

0.25

4

Healthy

13.66

13.83

0.17

5

Healthy

13.42

13.7

0.28

6

Healthy

13.97

14.5

0.53

7

Healthy

14.06

14.52

0.46

8

Parkinson's

34.17

35.03

0.86

9

Parkinson's

21.14

21.54

0.4

10

Parkinson's

15.02

15.82

0.8

11

Parkinson's

24.91

24.29

0.62

12

Parkinson's

17.89

17.72

0.17

13

Parkinson's

17.38

17.86

0.48

14

Parkinson's

15.91

15.96

0.05

15

Parkinson's

19.18

19.21

0.03
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Table B.2: The format in which the data is stored in a csv file for the walk test device
Warmup
Walk
(5ft)
number time (s)

Cooldown
15ft(5ft)-time Turning
time (s)
(s)
time (s)

Date-Time
08:12:2020

Patient

01:43:52:751277

patient1

1

2.44547

5.24128

1.612195

0

patient1

2

1.92516

5.18116

1.372196

3.7455

patient2

1

2.48704

3.59622

1.263511

0

patient2

2

1.29598

3.72163

1.16889

3.7449

patient3

1

1.68211

3.73904

1.254266

0

patient3

2

1.23106

3.46465

1.276037

1.944

patient4

1

1.2834

3.33933

1.02205

0

patient4

2

0.94357

3.35823

1.133529

2.5819

08:12:2020
01:44:11:600811
08:12:2020
02:58:27:054916
08:12:2020
02:58:36:974228
08:12:2020
05:07:54:063527
08:12:2020
05:08:05:194837
08:12:2020
05:25:29:163850
08:12:2020
05:25:43:228243
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Table B.3: Average velocity of the subject estimated for different sections of the walk and the
entire walk of 50 ft

Patient

Type

patient1
patient1

FA

patient2
patient2

FA

patient3
patient3

Healthy

patient4
patient4

Healthy

patient5
patient5

Healthy

patient6
patient6

Healthy

patient7
patient7

Healthy

patient8
patient8

PD

patient9
patient9

PD

Warmup
velocity
(ft/s)
2.044593

15ft
velocity
(ft/s)
0.953965

cooldown
velocity
(ft/s)
3.101362

2.597183

0.965034

3.643794

2.010426

1.390348

3.957228

3.858087

1.343496

4.277564

2.972456

1.337243

3.986395

4.061538

1.443149

3.91838

3.895895

1.497308

4.89213

5.299041

1.488878

4.411003

3.023793

1.391346

3.996462

4.259806

1.412588

4.234417

3.320646

1.458903

4.557967

4.309212

1.47259

3.670889

3.220684

1.445571

4.28524

4.05718

1.425362

4.185159

1.559219

0.710411

1.836581

0.535675

0.597275

2.024183

2.319834

0.974593

2.515149

2.085298

0.890904

2.620406

Average
velocity (entire
walk (50 ft))
(ft/s)

2.32310383

2.893826021

3.426734725

3.659794278

3.725419003

3.578996326

3.554947464

1.463214593

2.364829849
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Table B.3 (continued)
patient10
patient10

PD

patient11
patient11

PD

patient12
patient12

PD

patient13
patient13

PD

patient14
patient14

PD

patient15
patient15

PD

3.222102

1.366048

4.018101

4.026011

1.412725

3.802253

2.072254

0.784696

2.577312

2.49789

0.805859

2.421829

2.578903

1.110352

3.360072

2.758384

1.083218

3.481142

2.845041

1.320075

3.869074

3.307825

1.178482

3.966083

3.198962

1.331613

3.859677

3.988176

1.29064

4.03933

2.62586

1.073591

3.108024

2.612239

1.046209

3.247135

3.328449493

2.007108712

2.794650596

2.87666059

3.143350774

2.606719994
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